We study the dynamical evolution of Jupiter and Saturn embedded in a gaseous, solar-nebula-type disc by means of hydrodynamics simulations with the FARGO2D1D code. We study the evolution for different initial separations of the planets' orbits, ∆a SJ , to investigate whether they become captured in mean motion resonance (MMR) and the direction of the subsequent migration of the planet (inward or outward). We also provide an assessment of the planet's orbital dynamics at different epochs of Saturn's growth. We find that the evolution of initially compact orbital configurations is dependent on the value of ∆a SJ . This implies that an evolution as that proposed in the Grand Tack model depends on the precise initial orbits of Jupiter and Saturn and on the timescales for their formation. Capture in the 1:2 MMR and inward or (nearly) stalled migration are highly favoured. Within its limits, our work suggests that the reversed migration, associated with the resonance capture of Jupiter and Saturn, may be a low probability evolutionary scenario, so that other planetary systems with giant planets are not expected to have experienced a Grand Tack-like evolutionary path.
INTRODUCTION
Over the past two decades, our understanding of the formation of the solar system has changed significantly. For example, the "Nice model" ) was introduced to account for several aspects of the current architecture of the outer solar system, such as the possible chaotic capture of the Trojan populations of Jupiter and Neptune ) and the so-called Late Heavy Bombardment of the terrestrial planets (see Gomes et al. 2005) . The model also provides a semi-quantitative description of the formation of the Kuiper Belt (see Levison et al. 2008 ) and of the secular dynamics of the outer solar system (Morbidelli et al. 2009 ). It should be noted, however, that this model has undergone several revisions (see Morbidelli & Nesvorný 2019 , and references therein) since it was first proposed. Another example is the so-called "Grand Tack" scenario (Walsh et E-mail: rortegaesfm@gmail.com (RO) ; gennaro@lanl.gov (GD); maurey@astro.unam.mx (MR); jsanchez@astro.unam.mx (JS) al. 2011), which aims to explain some properties of the inner solar system. In this model, Jupiter would have formed around the snow line location in the gaseous stage of the protoplanetary disc (Ciesla & Cuzzi 2006) , approximately 3.5 AU from the Sun, where an increase in the surface density of solids (due mostly to condensation of ice) is believed to have led to favourable conditions for the formation of a giant planet. According to this scenario, around the time that Jupiter terminated its rapid accretion of gas from the disc, Saturn was still growing, having reached about 30 percent of its current mass and being located at ≈ 4.5 AU from the Sun. While Saturn was completing the gas accretion phase, to reach its final mass (≈ 95 M ⊕ ), it started to migrate inward at a rate faster than Jupiter, eventually reaching the location of Jupiter's outer 3:2 mean motion resonance (MMR) . At this point during their evolution, Jupiter had reached a distance of ≈ 1.5 AU from the Sun and Saturn had acquired a mass of approximately 60 M ⊕ . Thereafter, the orbits of the pair remained locked in the resonant configuration.
In the Grand Tack scenario, capture into resonance led the migration of Jupiter and Saturn to reverse and proceed outward, while maintaining resonance locking. After a period of ∼ 2 × 10 5 yr, during which the planets drifted outward in the disc, they eventually reached the recently formed Uranus and Neptune, located at about 6 and 8 AU, respectively, and they too were captured in resonances and pushed outwards, away from the Sun. Outward migration eventually stopped as the gaseous disc dissipated and the solar system was left in a compact, multi-resonant configuration. The final stage shaping the current orbital architecture of the solar system involved the interaction of the outer planets with the remnant disc of planetesimals, which led to a chaotic and rapid outward migration to their present day configuration Walsh et al. 2011) . This scenario has been used to explain the orbital evolution and composition of the asteroid belt in conjunction with Jupiter's migration, a complex issue in the context of the classical Nice model.
The key ingredient of the Grand Tack is the migration process driven by tidal interactions with the gaseous disc and the assumed migration reversal, which leads to a compact multi-resonant configuration of the giant planets in the early solar system. Had Jupiter not interacted with another planet, or with a massive disc of planetesimals, once it had opened a gap in the gas disc it would have migrated towards the central star driven by the disc's tidal torques, in what is commonly referred to as classical type II migration (Lin & Papaloizou 1993, and references therein) . Although the migration regime of gap-opening planets in more realistic discs has been reconsidered over the years (e..g., D'Angelo & Lubow 2008 Duffell et al. 2014; Dürmann & Kley 2015; Kanagawa et al. 2018) , it would still result in inward migration. However, gap formation and ensuing dynamical evolution of a massive planet in the disc can be modified if there is another planet perturbing the disc (Kley & Nelson 2012) . Such gravitational interaction can slow down, halt, or even reverse the migration of Jupiter (Masset & Snellgrove 2001; Zhang & Zhou 2010a; D'Angelo & Marzari 2012) . The resulting multi-resonant configurations depend on the initial conditions, the disc viscosity ν, the disc aspect ratio h = H/r, and on the surface density profile of the disc Σ(r). The Grand Tack was inspired by Masset & Snellgrove (2001) , who studied the migration of Jupiter and Saturn initially located at 5.2 and 10.4 AU, respectively, and embedded in a disc with h = 0.04, uniform Σ, and uniform kinematic viscosity corresponding to a value of the turbulence parameter α = 10 −3 , where ν ∝ αh 2 in the prescription of Shakura & Sunyaev (1973) . explored the effect of different disc parameters (such as h and ν) and found that the outward migration of Jupiter and Saturn occurs if ν ≈ 10 −6 and h ≈ 0.03. With these parameters, Jupiter and Saturn can get trapped in the 3:2 MMR. However, there are several combinations of ν and h that lead to a quasi-stationary evolution (i.e., very slow migration) once the planets are caught in resonance. This occurs when the ratio between the inner and the outer planet masses is less than 3.
Zhang & Zhou (2010a) considered the effect of the surface density profile on the migration of Jupiter and Saturn. For a surface density Σ(r) ∝ r −β (and fixed ν = 10 −6 and h = 0.04), they found that when 0 < β < 1, Jupiter and Saturn are trapped into 2:1 MMR because their convergent migration speed is too slow to break through the resonance. For β > 4/3, Saturn and Jupiter get locked into 3:2 MMR. In-terestingly, they argue that Saturn's gap is modified by the tidal perturbation of Jupiter, so that Saturn can migrate outwards or inwards. They found that outward migration occurs for β ≥ 4/3, and inward migration for β ≤ 1. In a subsequent work, Zhang & Zhou (2010b) studied the orbital evolution of a planet pair where the outer planet is more massive than the inner one. They found that convergent migration occurs when the initial orbital separation between them is relatively small and β < 0.5. & Marzari (2012) quantified the relative migration velocity, and the corresponding disc conditions (Σ, h, ν) that may lead to orbital trapping in the 3:2 MMR and outward migration. In addition, they also pointed out that ongoing accretion of gas onto the planets may deactivate the outward migration by changing the mass ratio, M J /M S , and/or by depleting the inner disc. They showed that typical conditions in evolved discs highly favour capture in the 2:1 resonance. Pierens et al. (2014) also found that Jupiter and Saturn become trapped in the 2:1 MMR, for gas densities 1800 g cm −2 at 1 AU, and that they may migrate outward in low-viscosity discs, α ≤ 10 −4 , with very small aspect ratios, h ∼ 0.02. The authors argued that such small pressure scale-heights are possible at late times during disc evolution (see also D'Angelo & Marzari 2012), which would also imply that the planets evolved in resonance in a rather low-density nebula.
D'Angelo
In the work carried out to date on the migration of Jupiter and Saturn trapped in resonance, the effects of the initial distance between the orbits of the two planets have not been analysed in the context of the Grand Tack, although the initial separation may represent a key parameter for the onset of outward migration since it directly influences the relative velocity of approach and hence the resulting MMR. In this regard, it should be stressed that the orbits of the giant planets at the time of their formation are not well constrained, with proposed values differing by as much as 50% (Kley 2000; Lee & Peale 2002; Kley et al. 2005) . The initial separations of the giant planets in the solar system is also currently debated (Nesvorný 2018) . In this paper, we investigate the effects of the initial (orbital) positions of Jupiter and Saturn on the process of resonant capture, during the gas-dominated stage of the protoplanetary disc. We consider different initial orbital separations between the planets, ∆a SJ = r S − r J (where r J and r S are the initial semi-major axis of Jupiter and Saturn, respectively). We investigate how the direction and extent of Jupiter's migration depend on ∆a SJ .
Among the models considered herein, those that most closely replicate the assumptions invoked by the Grand Tack scenario result in capture of Saturn in the 1:2 mean motion resonance with Jupiter. Thereafter, the migration of the pair of planets is either stalled or directed inwards.
The paper is organised as follows. In Section 2, we describe the models. In Section 3, we report on the results of the simulations and discuss their implications. In Section 4, we deliver the main conclusions.
DESCRIPTION OF THE CODE AND INITIAL CONDITIONS
We consider a thin, two-dimensional disc and adopt a polar coordinate system (r, φ), with the origin attached to the centre of mass of the system (star plus planets). Here r is the radial coordinate and φ is the azimuth angle around the origin. The equations describing the flow are
where Σ is the surface density, v the velocity, f ν represents the viscous force per unit area and Φ is the gravitational potential in the disc given by
where the subscripts , J and S refer to the central star, Jupiter and Saturn, respectively. The parameter is a softening length used to mitigate computational problems arising from the divergence of the potential in the vicinity of the planets. Although we model a regime in which the positions of the peaks of the torque density distribution (due to the planets) may depend on both H and the planet's Hill radius R H (D'Angelo & Lubow 2008, 2010), we simply use = 0.7H 0 , where H 0 is the disc scale-height at r = r 0 (where r 0 = 5.2 AU is a characteristic radius). This value for has been applied previously in similar contexts (see, e.g., . In order to gauge the impact of the softening length, a model was also simulated by applying = 0.5H 0 (see Appendix A). In addition, in those models that consider a fixed mass for Saturn of 1.8 × 10 −4 M (about 2/3 of its final mass, see Walsh et al. 2011) , we apply a cutoff in the calculation of the torque at a distance R H from the planets, to avoid spurious effects in the value of the total torques acting on the planets (see Appendix B).
We use the version of the hydrodynamic code FARGO, which uses the orbital advection algorithm of Masset (2000) , referred to as FARGO2D1D ). This code was implemented with the aim of adequately describing the viscous evolution of the disc, which can be important for studying the migration of massive planets (Lin & Papaloizou 1986 , 1993 Nelson et al. 2000; Crida et al. 2006 Crida et al. , 2007 D'Angelo & Lubow 2008) . FARGO2D1D can account for the long-term evolution of the disc by means of a onedimensional mesh extension, attached to the conventional two-dimensional mesh (see Crida et al. 2007, for details) .
In order to assess the reliability of the simulations with FARGO2D1D, we have carried out the experiments in Masset & Snellgrove (2001) using the FARGO2D and FARGO3D codes. A comparison of the results can be found in Appendix B.
Our two-dimensional grid covers a ring with a radial domain from 0.26 AU to 8.65 AU, using a linear spacing, with a resolution of (N r , N φ ) = (512, 384) zones in radius and azimuth, respectively. The one-dimensional grid extends from 0.026 AU to 36.4 AU. The initial surface density profile follows a power law, Σ(r) ∝ r −β , with β = 1/2, which is the value derived for the solar nebula by Davis (2005) (see also discussion in Appendix A) . At r 0 = 5.2 AU, the unperturbed surface density, Σ 0 , takes a value of 2.25 × 10 −5 M /AU 2 , corresponding to 200 g cm −2 . The disc is assumed to be locally isothermal, where the (vertically-integrated) pressure is given by
The locally-isothermal sound speed, c s , is such that the aspect ratio is constant throughout the disc, h = 0.05. We use the α-prescription (Shakura & Sunyaev 1973) for the kinematic viscosity, in which ν = αc s H. In these calculations, we adopt a value for the turbulence parameter α = 10 −3 . A test with a larger value, α = 10 −2 , is discussed in Appendix A.
RESULTS
In this section we present the results of a series of hydrodynamics simulations aimed at assessing the effect of the initial value of the orbital separation, ∆a SJ , on the orbital evolution of Jupiter and Saturn (see Table 1 ). The initial orbital radii of Jupiter r J and Saturn r S were chosen based on the Grand Tack scenario; it is assumed that Jupiter has already formed (i.e., attained its final mass) and migrated inwards to 1.5 AU, at which point Saturn is assumed to have reached a mass of ≈ 2/3 of its current value (Runs 1 to 10). At that point, Saturn is assumed to be near or beyond the ice line, and begins a phase of rapid inward migration until resonance capture ensues. The initial locations considered for Saturn span a range of separations from Jupiter that include many strong mean motion resonances, e.g., the 1:2 and 2:3. Note that the first two models have Saturn interior of the 1:2 MMR with Jupiter (see Table 1 ). Runs 4a to 7b in Table 1 were carried out to explore the effect of the mass of Saturn on the resonance capture process and on the direction of migration. A discussion on the role of the different mass history of Saturn is given in section 3.4.
In the simulations, the orbits of the planets are fixed during the first 2200 years (≈ 200 orbits at r 0 ), and then the planets are allowed to migrate for ≈ 50000 years, or more (except for models 1b and 4b). The phase during which the planets are kept at a fixed orbital distance is aimed at allowing Jupiter to open a gap in the gaseous disc, as if it had been undergoing type II migration, and Saturn to open a partial gap. This delay also ensures that the gaps are in quasi-equilibrium when the planets begin to migrate.
In the following, we adopt an empirical definition for the type of migration after the pair of planets is captured in a resonance. If the semi-major axes of Jupiter, when it is caught in resonance and at the end of the calculation, differ by 5% or more, the migration of the pair is classified as either "Inward" or "Outward" (depending on the sign of the difference). Otherwise, the migration is said to be "Stalled" (see Table 2 ). Clearly, this classification may not apply over a longer-term evolution. We aim to find the values of ∆a JS for which outward migration is feasible and to determine the MMR in which the planets become trapped.
Several models considered here produce results similar to others. In fact, referring to Table 1 , we found that the orbital evolution of model 2 is quite similar to that of model 1; Table 1 . Parameters for the planets Jupiter and Saturn varied in the simulations. Column 1: Model number. Column 2: Saturn's mass. Column 3: Initial orbital radius of Jupiter r J . Column 4: Initial orbital radius of Saturn r S . Column 5: Initial ratio of Keplerian orbital periods between Jupiter and Saturn. Column 6: Initial value for ∆a S J = r S − r J . In all the simulations the mass of Jupiter is 10 −3 M . 1.8 × 10 −4 1.5 5.0 6.0858 3.5 9
1.8 × 10 −4 1.5 5.2 6.4545 3.7 10 1.8 × 10 −4 2.0 4.5 3.3750 2.5 4a
Accreting * 1.5 3.0 2.8284 1.5 7a
Accreting * 1.5 4.5 5.1961 3.0 1b 2.9 × 10 −4 1.5 2.0 1.5396 0.5 4b
2.9 × 10 −4 1.5 3.0 2.8284 1.5 7b
2.9 × 10 −4 1.5 4.5 5.1961 3.0 * Saturn is allowed to accrete gas only when it is free to migrate. The initial mass of Saturn is 1.8 × 10 −4 M and accretion stops when its mass reaches 2.9 × 10 −4 M . 3.1 Initial migration phase Figure 1 shows the evolution of the orbital radii of Jupiter and Saturn in models 1, 4 and 7. In model 1, the pair is readily trapped in the 2:3 MMR and starts migrating outwards. In models 4 and 7, Saturn is outside of the 1:2 MMR with Jupiter and becomes trapped in this resonance as it approaches Jupiter. We wish to analyse whether the initial migration of Saturn in models 4 and 7 is runaway (i.e., at an ever increasing rate) or a modified type I. Suppose that the migration of Saturn is type I. If so, the total torque (Lindblad plus corotation), Γ, acting on a planet was estimated by Tanaka et al. (2002) . For an isothermal, 2D disc,
where r p and Ω p are the orbital radius and the angular velocity of the planet, respectively. Here Σ p is the surface density at the planet's position. From equation (5), the type I radial migration speed of the planet can be calculated from the conservation of angular momentum, as
where L p = M p GM r p , is the planet's angular momentum. Using Equations (5) and (6), we can estimate the migration rates of Saturn for models 4, 7, 4b and 7b, before the planet is caught in resonance with Jupiter, and compare them with the actual migration rates of Saturn obtained from the calculations. Results are presented in Table 3 . The values in the forth and fifth columns are computed midway between the initial orbital radius of Saturn and its capture radius. The type I rate is larger than, or comparable to, |dr S /dt| in the models, which suggests that Saturn does not experience a runaway migration mode before attaining a resonance with Jupiter. According to equations (5) and (6), |dr p /dt| ∝ r 3/2−β p , thus the migration velocity reduces as the planet moves inward (for β = 1/2). If the (convergent) relative velocity is dictated by the migration rate of the outer planet, compact resonant orbits are more likely obtained farther away from the star, where transiting the 1:2 MMR is also more likely (Mustill & Wyatt 2011) .
A condition to initiate runaway migration requires that Table 1 ). The green and grey curves represent the nominal position of the resonances 1:2 and 2:3 with Jupiter.
the surface density around the planet's orbit be (D'Angelo & Lubow 2008)
In this case, a strong asymmetry arises in the coorbital streamlines between the leading and trailing sides of the planet (Ogilvie & Lubow 2006; D'Angelo & Lubow 2008) . This condition, however, is not satisfied in any of the models considered here, as it would require an unperturbed gas density at 5.2 AU several times as large as that in the calculations. Therefore, runaway migration is not expected according to this criterion. According to Masset & Papaloizou (2003) , runaway migration can occur after the formation of a partial gap, which can result in a coorbital mass deficit, δm. If δm > m p , where m p = M p +M R , the planet mass augmented by the Roche lobe mass, the planet may undergo runaway migration. It should be emphasised that the runaway migration domain is highly dependent on how the coorbital mass deficit is established. We calculated δm for Saturn applying the expression
where x s is half-width of the horseshoe region for 2D discs, given by (Paardekooper & Papaloizou 2009) 
and Σ p,0 is the unperturbed surface density at r p .
Results of the calculation of δm are shown in Figure 2 . Since M R M p during the evolution, the approximation m p M p holds in the models shown in the Figure. In model 1, Saturn's coorbital mass deficit increases with time. However, δm < m p approximately until 15000 yr. This suggests that Saturn does not undergo runaway migration prior to resonance capture. In model 4, δm in Saturn coorbital region first increases and then stays at a constant value below m p (while the planet is captured in resonance with Jupiter, see next section). Therefore, runaway migration of Saturn is not expected in this case either. In model 7, δm m p during the first ≈ 30000 yr and becomes smaller afterwards. However, even when δm reaches its maximum value (at ≈ 10000 yr), |dr S /dt| in the model is smaller than the rate predicted by equations (5) and (6). Moreover, |dr S /dt| does not increase during the inward migration phase. In fact, it tends to decrease, as expected in type I migration (as discussion above).
In summary, all three considerations above agree with the simulations' outcome that, if Saturn originates outside the 1:2 MMR, it approaches Jupiter at a type I rate, possibly modified by the perturbed surface density of the disc. The slower radial migration of Saturn allows the planets to get trapped in the 1:2 MMR (e.g., Mustill & Wyatt 2011) . Afterwards, the migration of the pair is either (nearly) stalled or continues inwards (see models 4 and 7 in Figure 1 ).
The role of gap formation
The orbital evolution of Jupiter and Saturn embedded in a disc is complicated because the gaps can overlap when the planets have close enough orbital radii. Each planet will tend to keep its gap (relatively) clean, but the interaction of overlapping gaps can result in a complex flow in the surrounding region (Masset & Snellgrove 2001; Pierens & Raymond 2011; D'Angelo & Marzari 2012; Kley & Nelson 2012) . In some cases, this interaction may alter the torques exerted on the inner planet, which can result in the outward migration of the pair (Masset & Snellgrove 2001; . Figure 3 shows the disc surface density at t = 5500 yr, when Jupiter and Saturn have already opened their respective gaps, and started their radial migration. In models 1 and 3 (∆a SJ ≤ 1 AU, recall that ∆a SJ is independent of time and refers to the initial orbital separation of the pair), Saturn has already approached Jupiter close enough so that gaps overlap. In model 1, Saturn's gap overlaps with the deeper parts of Jupiter's gap. In models 1 and 3, the pair is already in MMR at t ≈ 5500 yr, whereas the planets become captured in resonance at later times in models 4 and 7 (at t ≈ 8800 and ≈ 55000 yr, respectively)
In model 4 (∆a SJ = 1.5 AU), although the gaps of Jupiter and Saturn are well separated, the internal wake of Saturn extends in the gap opened by Jupiter, generating a local density enhancement. In model 7 (∆a SJ = 3.0 AU), the planets are still far apart. The gap of Jupiter is basically unaffected by Saturn's tidal field and vice versa. The evolution of both planets thus proceeds similarly to that of individual bodies interacting with the gaseous disc.
The different density structure in the overlapping gap region can lead to a different orbital evolution (e.g., D'Angelo & Marzari 2012). Figure 4 shows the disc surface density for the same models as in Figure 3 , but at t = 27500 yr. The long-term evolution of the planets' orbits is clearly visible in the Figure. The orbital radius of Jupiter gradually decreases in going from model 1 to model 7. In fact, after capture in MMR, the planets migrate outward in models 1 and 3, their orbits become nearly stationary in model 4, and they migrate inward in model 7. Figure 5 shows the azimuthally-averaged surface density profiles at t = 27500 yr. In models 1 and 3, Saturn orbits at the outer edge of Jupiter's gap (they will eventually become locked in a 2:3 mean motion resonance). In model 4, the gaps of Jupiter and Saturn partially overlap. In model 7, Saturn has approached Jupiter, but not close enough for their respective gaps to interact and thus their evolution is similar to that of isolated planets undergoing type II migration and modified type I migration, respectively. Since gaps in the these simulations are not very deep, Lindblad torques are never completely shut off.
It is informative to look at the vortensity distribution in the coorbital region of Jupiter, at the time when the planets start to migrate (t = 2200 yr, see Figure 6 ). This Figure also shows an additional model in which only Jupiter is considered. In this case (bottom panel), the distribution of vortensity in the coorbital region is uniform, indicating (near) saturation of the corotation torque on Jupiter. In models 4 and 7, the vortensity distribution is almost uniform, suggesting that the corotation torque is about to saturate. In particular, the vortensity field in model 7 is quite similar to that of the single-planet case in the bottom panel, and therefore Jupiter's migration is nearly unperturbed by Saturn's gravity. In contrast, model 1 shows a non-uniform vortensity distribution in Jupiter's coorbital region, which is significantly affected by the tidal field of Saturn, as also indicated by the strongly perturbed Jupiter's outer gap edge (see Figures 3  and 4 ).
The role of ∆a SJ on the direction of migration
We have explored various initial separations of the planets (see Tables 1 and 2 ). In the range of values adopted here, the initial orbital radius of Jupiter is not very important because the migration of Saturn is significantly faster. For lower disc surface densities, though, the situation is expected to be different since the relative migration velocity would reduce.
In the Grand Tack model, it is required that the planets migrate outwards once caught in resonance. This is likely to occur if Saturn orbits within (or close to) the 1:2 MMR with Jupiter at some point of its evolution, when M S 2×10 −4 M (e.g. D'Angelo & Marzari 2012). In fact, in these situations, convergent migration most likely leads to capture in the 2:3 MMR. Instead, if Saturn is exterior to the 1:2 resonance, the planets are very likely to get trapped in such resonance and outward migration is then unlikely (see also D'Angelo & Marzari 2012; Pierens et al. 2014). Colour-scale rendering of the surface density in the disc, after 5500 years of evolution, for models 1, 3, 4 and 7, as indicated (see Table 1 for details). The units of density are M r −2 0 . Red and blue circles indicate the position of Jupiter and Saturn, respectively. At this time, the planets are in resonance in models 1 and 3. Capture in MMR occurs at later times in the other two models.
In model 1, the planets are initially close to the 3:2 MMR (∆a SJ = 0.5 AU, see Figure 1 ). Because of the orbits' proximity, the disc region around Jupiter's gap (outside its orbit) is affected by the tidal field of Saturn (see Figure 3 ). When Saturn transits the 2:3 MMR, the exterior (negative) Lindblad torque exerted by the disc on Jupiter is weakened by the presence of Saturn's gap (i.e., the torque is reduced due to the lower density), and the interior (positive) Lindblad torque can tip the overall torque balance, driving the inner planet (and hence the pair) outwards. The situation in model 2 is similar (∆a SJ = 0.73 AU). In model 3 (∆a SJ = 1.0 AU), Saturn starts just outside the 1:2 MMR with Jupiter but when it transits the resonance, there is not gap overlap. The migration velocity is large enough to overcome the forcing by the resonance and, therefore, Saturn continues its inward migration until it reaches the 2:3 MMR.
In principle, if the migration rate of the interior planet is much smaller than that of the exterior planet and the latter migrates at a type I rate, what determines resonance capture is the orbital radius at which resonances are crossed (assuming orbital eccentricity can be neglected). This is because the relative migration velocity of the exterior planet depends on r p , assuming a power-law disc, and is approximately ∝ r p in these simulations (see section 3.1). If the initial semi-major axis of Jupiter is the same, as in models 4 to 9, but the initial semi-major axis of Saturn progressively increases (from 3 in model 4 to 5.2 AU in model 9, see Table 1), the 1:2 MMR is crossed at a somewhat shorter orbital radius, because of the inward migration of Jupiter. Consequently, as the initial orbital separation ∆a SJ increases, the relative velocity at which Saturn crosses the 1:2 MMR with Jupiter reduces in magnitude. Since model 4 shows locking in this resonance, all other models are expected to be locked in this resonance too (since they approach the resonance at lower relative velocity). The results from the calculations agree with these arguments (see §2), including with the fact that the 1:2 MMR is crossed at smaller radii as ∆a SJ increases. It should be pointed out that, if the exterior planet was instead subjected to a type III migration regime (e.g., if the gas density was much larger), the outcome would be different and the relative migration velocity would increase (in magnitude) with increasing ∆a SJ .
In models 4-9, the dynamical behaviour after resonance capture may depend on some subtle differences, like the density perturbations induced by tides in the disc and the somewhat different radii at which the resonance is crossed. In some cases (models 4-6), the resulting torques acting on Jupiter nearly balance, resulting in a stalled pair (i.e., Jupiter's semi-major axis varies by less than 5% after reso- Figure 4 . Colour-scale rendering of the surface density in the disc, at t = 27500 years, for models 1, 3, 4 and 7, as indicated (see Table 1 ). The units of density are M r −2 0 . In each case, the red circle indicates the position of Jupiter, and the blue circle indicates the location of Saturn. At this time, the planets are in MMR in models 1, 3, and 4. nance capture). In the other cases the total torque remains negative, and inward migration continues. Clearly, it is possible that the observed behaviour may change over the longer, viscous timescale of the disc. However, in some models, e.g., in model 7, we do simulate the coupled migration of the planet pair for a time period comparable to the local viscous timescale.
Model 10 has the same initial separation as model 6, but Jupiter starts at an orbital radius of 2 AU. Therefore, compared to model 6, resonances are crossed farther out in the disc. This implies that the relative migration speed at resonance crossing is larger (in magnitude) in model 10. Nonetheless, when Saturn transits the 1:2 MMR with Jupiter, it becomes locked in resonance. While the pair evolves in this resonance, the orbital eccentricity of both planets increases substantially, undergoing oscillation cycles (see also, e.g., Marzari et al. 2019 ). On average, Jupiter's eccentricity grows up to 0.25 and that of Saturn to 0.15. But as the amplitude of Jupiter's eccentricity oscillation increases, so does that of Saturn. Eventually, as the oscillation cycle takes Jupiter's eccentricity up to values of ≈ 0.3, that of Saturn reaches ≈ 0.5. The planet skips the resonance and migrates toward Jupiter, until it is locked in the 2:3 MMR. In this resonant configuration, Jupiter's eccentricity damps to small values but that of Saturn remains above 0.1 until the end of the calculation.
The results from models 1-10 suggest that a scenario in which Saturn is captured in the 2:3 MMR with Jupiter is most feasible if the planets originate in a compact configuration, e.g, Saturn is close to or inside the 1:2 MMR, when its mass is ≈ 1.8 × 10 −4 M , ≈ 2/3 of its final mass. (Model 10 is peculiar in that capture is still in the 1:2 MMR, but continuous excitation of orbital eccentricity leads to further evolution.) Capture in the 2:3 MMR results in the outward migration of the pair. Otherwise, if a forming Saturn is farther away from Jupiter, capture occurs in the 1:2 MMR and migration either continues inward or is stalled.
The effect of Saturn's mass on migration and resonance capture
In Table 2 , we show results from the list of selected simulations, including variations on models 1, 4, and 7. In addition, Figure 1 shows the semi-major axis of Jupiter and Saturn as a function of time for models 1, 4, 7, 1b, 4b and 7b. In model 1, 2, and 3, in which the mass of Saturn is fixed at a value of 1.8 × 10 −4 M , Saturn becomes trapped in the 2:3 MMR with Jupiter. The planet pair migrates outward thereafter. This result is expected because of the assumption that Sat- Figure 5 . Azimuthally-averaged surface density profiles for models 1, 3, 4 and 7 (solid black curve, as indicated, see also Table 1) , at t = 27500 years. The units of density are M r −2 0 ; the radius is in AU. The grey dashed lines represent the surface density profile at t = 0, and the grey solid curves correspond to the surface density profile in the same disc with no planets. The red and blue vertical dashed lines indicate the radial position of Jupiter and Saturn, respectively. The planets are in MMR in models 1, 3, and 4, but not yet in model 7.
urn originates inside (or very close to) the 1:2 MMR with Jupiter, and the 2:3 is the next resonance in which capture is highly likely. Once in resonance, gap overlap leads to a positive torque exerted on Jupiter. Instead, in model 4, which has a larger initial separation ∆a SJ , Saturn becomes trapped in the 1:2 MMR, as tidal forcing cannot overpower resonance forcing. Thereafter, both planets exhibit a stalled migration (as defined above), due to a relatively small net torque acting on the planets (a similar behaviour is observed for models 5 and 6). In model 7, once Saturn approaches Jupiter and becomes locked in the 1:2 resonance, the planets slowly migrate inward (see Figure 1) . The different migration behaviour in models 4 and 7 can be explained in terms of the orbital separations and gap overlap after resonance capture. The orbital configuration in model 7 favours a more negative total torque exerted on Jupiter, hence the inward migration (compare the density distributions for the two cases in Figure 7) . The final outcome of models 8 and 9 resembles that of model 7.
For a fixed mass value of 2.9 × 10 −4 M for Saturn (corresponding to Saturn's current mass), and for ∆a SJ equal to those considered in models 1, 4 and 7 (that is, for models 1b, 4b, and 7b), the migration of the planets proceeds outward after resonance capture. The outcome of model 1b is similar to that of model 1, as expected. The results of models 4b and 7b, however, differ from those of their counterparts, models 4 and 7.
In model 4, capture occurs in the 1:2 MMR, whereas it does in the 2:3 MMR in model 4b, because the approaching speed to Jupiter is higher in the latter case (see Table 3 ). Consequently, the two models exhibit different migration directions after resonance capture. The stalled/outward migration obtained in these models can be related to the gap structures of the two planets. In model 4, Saturn's gap abates the outer Lindblad torque on Jupiter to the point that there is nearly a zero net torque acting on Jupiter (hence the "stalled" migration). Instead, in model 4b, the greater overlap of Saturn's gap (with Jupiter's) produces a larger reduction of the outer Lindblad torque (on Jupiter), which is then outweighed by the inner Lindblad torque, resulting in a positive total torque acting on Jupiter and in the outward migration of the pair.
A similar argument can explain the different outcomes of models 7 and 7b. Although the migration rate of Saturn is still within the type I regime in both models (see Table 3 ), the approach velocity of Saturn to Jupiter is four times as large in model 7b, and large enough for the tidal forcing to exceed the 1:2 MMR forcing. Saturn transits the resonance and becomes trapped in the next first-order resonance, the 2:3. Again, because of the more compact orbital architecture and overlapping gaps, outward migration is a likely outcome in this configuration (as also noted in many previous studies, e.g., Masset & Snellgrove 2001; Pierens & Raymond 2011; D'Angelo & Marzari 2012) . Henceforth, the results from models 4b and 7b show that it is important to examine the accretion history of Saturn prior to capture in resonance with Jupiter.
Based on the results presented above, we studied the migration of the planets including the effect of gas accretion on Saturn (models labelled as "accreting" in Tables 1, 2, and 3). The role of the accretion on the migration of Jupiter and Saturn was investigated by Masset & Snellgrove (2001) and in two-dimensional calculations. These authors found that accretion does not have a strong impact on the rate and direction of migration. Both studies used an accretion prescription similar to the one given in Kley (1999) . Since accretion of gas is typically a threedimensional phenomenon (D'Angelo et al. 2003) , we apply a formula for the mass accretion of Saturn similar to that de-rived via high-resolution three-dimensional hydrodynamics calculations by Bodenheimer et al. (2013) , which represents a disc-limited accretion rate, i.e., the maximum sustained rate of accretion a planet can achieve. We considered an initial mass for Saturn equal to 1.8 × 10 −4 M and gas accretion is activated once the planet is free to migrate. At this mass, Saturn is likely within the runaway accretion phase, although growth is not (yet) necessarily limited by the supply rate of the surrounding disc (e.g., Lissauer et al. 2009 ). Therefore, we may overestimate the gas accretion rate and underestimate the growth timescale of the planet. Nonetheless, at this stage of growth, contraction may indeed dictate mass-doubling timescales of ∼ 1000 years (Hubickyj et al. 2005; Lissauer et al. 2009; Movshovitz et al. 2010) . Accretion on Jupiter is neglected. Given the large surface density of the disc, the accretion rate is relatively large (for the assumed disc conditions) and it takes about 600 years to gain the remainder of the mass and reach the final value of 2.9 × 10 −4 M , at which point accretion is assumed to stop. In reality, however, Saturn would keep growing. In doing so, it would reduce the inward flow of gas, stalling Jupiter's growth and possibly becoming more massive than Jupiter if no intervening effect (such as disk dispersal) stopped Saturn's accretion. The evolution of the pair would then be affected more drastically (D'Angelo & Marzari 2012) .
Under these assumptions, the orbital evolution of the pair in models 4a and 7a is not significantly affected by the growing mass of Saturn and the results are similar to those obtained from models with fixed masses, models 4 and 7 (capture in the 1:2 MMR and stalled/inward migration, see Table 2 ). Given the same initial conditions, including gap formation prior to the migration phase, this is not surprising and is in accord with the findings of Masset & Snellgrove (2001) and . Overall, within the context of this study, models 4, 4a, and 4b and models 7, 7a, and 7b indicate that disk conditions (e.g., gap formation) when Saturn initiates its migration may impact resonance capture (i.e., 1:2 versus 2:3 MMR) more than Saturn's final growth history, from 2/3 of the mass to full mass. Were Saturn to start migrating at an earlier formation stage, that is, at a lower mass, it is more unlikely that it would transit across the 1:2 MMR with Jupiter (because of the lower relative migration velocity). In this case, starting close or inside the 1:2 MMR may not help since the migration of the pair after resonance capture would be inward (D'Angelo & Marzari 2012) .
CONCLUSIONS
In this paper we present results obtained from 2D hydrodynamics models of the orbital evolution of two planets, representing young Jupiter and Saturn, driven into a MMR by convergent migration. We analysed in detail the influence in the orbital dynamics of an important parameter, the relative initial distance between the planets' (circular) orbits ∆a SJ , in the context of the Grand Tack scenario for the evolution of Jupiter and Saturn. The impact of this parameter has not been previously assessed.
We found that the inward-then-outward migration proposed in the Grand Tack is also dependent on the initial separation of the planets. In most cases, the initial orbital Profiles are shown for the simulations with a single Jupiter-mass planet ("Jupiter alone" case) and for models 1, 4 and 7, as indicated (see Table 1 ).Right: Azimuthally-averaged surface density profiles in the gap region of Jupiter for the models 1, 4, and 7, at time when the two planets are trapped in resonance. The units of density are M r −2 0 ; the radius is in AU. Again, the red circles indicate the position of Jupiter, whereas the blue circles indicate the location of Saturn.
configurations drives the planets in a 1:2 MMR (see Table 2 ), after which the pair either migrates inward or experiences a stagnant migration (for the duration of the calculations, e.g., model 4). Locking in the 2:3 MMR typically requires the pair to start from a compact orbital configuration, close to or inside the 1:2 MMR.
Among the experiments reported here, Model 7 is the one that most closely resembles the conditions envisioned in the Grand Tack scenario. There, Jupiter is supposed to undergo type II migration from 3.5 to 1.5 AU, over a period of ∼ 10 5 years. During this time, Saturn is supposed to grow from 30 to 60 M ⊕ , in place at 4.5 AU, and then start migrating inward. The disc conditions of Model 7 are compatible with both requirements. In fact, the applied gas viscosity would allow Jupiter to migrate (according to a classical type II rate, −3/2 ν/r J ) over a radial distance of ∼ 2 AU in ∼ 10 5 years. At a mass of 30 M ⊕ , Saturn would still be in a thermally-regulated contraction phase, but the accretion rate would be large enough to gain ∼ 30 M ⊕ in 10 5 years (Lissauer et al. 2009 ). If accretion became limited by the disc at some point, the gas density would be sufficiently large to allow the planet to reach 60 M ⊕ in far less than 10 5 years (Lissauer et al. 2009 ). Assuming, as done in the Grand Tack, that Saturn's growth suddenly slowed down and stopped, Model 7 reproduces all necessary requirements. Yet, once Saturn reaches the 1:2 MMR with Jupiter, it is locked in resonance and the pair continues to migrate inward.
Models 5 through 9 can be considered as variations of Model 7 in which the initial migration location of Saturn is pushed either inward or outward. In all cases resonance locking occurs in the 1:2 MMR and in none the pair reverses the course of migration. Therefore, the outcome we find appears robust against relatively small changes of the initial conditions. Models 1 through 4 would require some amount of radial migration of Saturn while it is growing from 30 to 60 M ⊕ (without approaching Jupiter too closely). But in these cases orbital locking occurs in the 2:3 MMR (with subsequent outward migration) only if Saturn starts (at 2/3 of its final mass) close to or inside the 1:2 MMR location of a fully-formed Jupiter.
Other initial conditions, like those used in Model 10 and leading to more exotic orbital behaviours, are unlikely to offer a viable option, since the rise in orbital eccentricity of the two giant planets would disrupt (and probably heavily deplete) the asteroid belt. Moreover, it remains unknown whether Saturn's eccentricity would damp to current values.
We also discuss experiments in which Saturn starts to migrate when it is fully formed ("b" models) and by applying a disk-limited accretion rate when migration starts ("a" models). Jupiter's mass is always fixed at its final value. The accreting models result in a behaviour similar to those of the reference models (M S = 1.8 × 10 −4 M ) whereas the final-mass models (M S = 2.9 × 10 −4 M ) tend to establish a 2:3 MMR and reverse course of migration. However, gravitational perturbations induced by a more massive Saturn in the asteroid belt, upon approaching Jupiter, are expected to be more disruptive.
We focused here on the late accretion phase of Saturn, neglecting ongoing accretion on Jupiter. In reality, both processes should be taken into account concurrently. Although the growth timescale of Jupiter, M J / M J , would probably be longer than that of Saturn, effects on the disk evolution, due to the depletion of the inner disk can alter the orbital evolution of the pair (D'Angelo & Marzari 2012). Nonetheless, Saturn's growth is likely to determine the type of MMR in which the pair is eventually locked. Given the gas surface density required by the scenario to drive the pair outward by several astronomical units, the final mass of Saturn should be attained relatively quickly compared to its migration timescale. More problematic, however, is to reconcile the lack of growth of both planets during the reversed migration phase which, in the best of circumstances, could alter the inner planet mass somewhat, but it would significantly change the outer planet mass. Nonetheless, Saturn's "initial" mass (i.e., when rapid migration toward Jupiter begins) and the orbital separation at that time, ∆a SJ , are likely to play a fundamental role in the scenario's outcome. Jupiter and Saturn in model 7. The 2:1 MMR configuration between the planets causes both orbital eccentricities to become excited, but they remain relatively small and no instability develops during the course of the simulation. In model 7, as well as in most of the models considered in this study, we found that the evolution of the eccentricities of Jupiter and Saturn leads to values less than 0.1. Therefore, the orbital configurations are generally stable during the crossing of (or trapping in) the MMR. These findings are in agreement with the stability study on the development of orbital eccentricity presented in Zhang & Zhou (2010a) .
APPENDIX B: MASSET & SNELLGROVE SETUP
Prior to carrying out the study presented above, we performed simulations to reproduce the outward migration results of Masset & Snellgrove (2001) using the FARGO2D1D code and considering the parameters given in section 2 of . In addition, we performed simulations of the Masset & Snellgrove mechanism with the codes FARGO2D and FARGO3D (results from these simulations are shown in Figures B1 and B2) . In order to be sure that the planets are trapped in the 2:3 resonance we calculated the resonant angle ϕ R = 3λ s − 2λ j − w s , where λ s , λ j and w s are the mean longitude of Saturn, the mean longitude of Jupiter and the longitude of Saturn's pericenter, respectively (see Figure B1 ). We also computed the torques on the planets in these simulations. We found that the total torque on Saturn and Jupiter calculated with FARGO2D1D is slightly different from that obtained from FARGO2D and FARGO3D. The difference may be due to two factors.
First, the boundary conditions applied in the codes: while FARGO2D and FARGO3D apply a closed inner boundary condition, FARGO2D1D uses an open boundary condition between the 2D and the 1D meshes. The evolution of the disc inside Jupiter's orbits is therefore somewhat different, as FARGO2D1D is designed to better approximate the disc's viscous evolution at small radii.
Second, the cut-off radius applied to the computation of the torque. In FARGO2D1D the torque in each cell of the 2D mesh is multiplied by the function
where d is the center-cell distance to the planet. Instead, in the FARGO2D and FARGO3D the torque is modulated by the cut-off function
When modulating the torques in the simulations presented above, we chose to use the default cut-off function implemented in FARGO2D1D . The difference in the values of the torque is small overall and does not affect significantly the orbital evolution of the planets, as it can be observed in Figure B2 . Figure B2 . Left: Temporal evolution of the semi-major axis of the Jupiter and Saturn, trapped in the 3:2 MMR, obtained from calculations executed with three codes, as indicated. The setup replicates the parameters of Masset & Snellgrove (2001) . Right: Total torque on the Jupiter (black line) and Saturn (blue line) calculated from the density outputs of the calculationss in the left panels.
